peared almost entirely from the mat surface to a position of about 1 mm below the surface pellicle of the mat. 0,, sulfide, and pH microelectrodes inserted into excised mat cores with dense 0. boryana populations were used to make vertical profiles at intervals of 0.1-0.2 mm and also to estimate rates of oxygenic and anoxygenic photosynthesis during rapid light-dark transitions. In addition, attenuation of irradiance was measured in mats with 0. boryana by a spectroradiometer with mini-fiber optic probe. Light-dependent incorporation of [I4C]-bicarbonate and [I4C]-acetate was measured in collected field populations of 0. boryana.
The combined results led to the conclusion that populations of 0. boryana typically employed sulfide-dependent anoxygenic photosynthesis in early morning which depleted sulfide locally. As irradiance increased and sulfide concentration fell below about 50 p M within the Oscillatoria population, oxygenic photosynthesis became dominant.
[ ''C]-Bicarbonate incorpora-
INTRODUCTION
Oscillutoria cf. boryana Bory is a motile, filamentous cyanobacterium 5-7 k m in diameter, generally brown in color, and widespread in freshwater, non-planktonic environments. It is known from warm to hot springs in various parts of the world [l-31. 0. boryana in New Zealand springs is conspicuous due to its formation of brown films and soft mats at temperatures below about 50 O C and above a pH of 6 . There is no apparent requirement for sulfide although distributions indicate that tolerance of sulfide is a general characteristic. Unlike many cyanobacteria associated with mat-building, 0. boryana is not an immobilized population in gel, but forms dense populations of motile trichomes. In this respect 0. boryana is similar to thermophic populations of Oscillatoria terebriformis, known mainly from hot springs of North America [4,51.
0. boryana occurs in many hot and warm springs in the Rotorua area of the North Island, New Zealand. Like 0. terebrifomis, this species retains a high cellular content of phycobilins and chlorophyll a and avoids high light intensities by moving downward into the microbial mat or soft sediment. Unlike 0. terebrifomis, this species is on the mat surface at night [4, 51 . The present study is of the behavioral and physiological responses of 0. boryana to varying light and sulfide levels in a tepid pond where this species constitutes the predominant photosynthetic component.
MATERIALS AND METHODS

Preparation of mat and cells
Microelectrode and spectroradiometric measurements were made using undisturbed cores from 'Government Vent Pool' (GVP), collected in 26 mm (inner diameter) Plexiglas tubes with beveled lower rims for penetrating the mat. They were retrieved by inserting a rubber stopper in the top to provide suction. The corer was plugged below after collection and covered with GVP water. T h e cores were used within 24-36 h and kept at about 20 " C in bright window light (GVP water temperature ranged seasonally from 18 to 30°C). T h e mat was covered with aerated water during most of the microelectrode measurements. During the anaerobic series the mat was covered with oxygen-free water and topped with about 5 mm of paraffin oil. A neutralized Na2S * 9 H 2 0 solution was added to the GVP water. Stirring was by periodic pumping with a syringe. The pH of the water phase above the excised mat cores was 7.0 to 7.2, within the normal pH range of GVP (6.7-7.2). Temperatures during incubations ranged from 24 to 28 C.
Trichomes of 0. boryana to be used for photoincorporation experiments were collected from GVP mats with a 10-or 20-ml syringe (without needle) and dispersed in fresh GVP water. They were kept at room temperature in window light and used within 1-4 h. Often it was possible to use floating masses (wisps, fascicles, etc) which detached in daytime from the benthic mat surface after oxygenic photosynthesis allowed bubbles to be trapped. Since trichomes tended to 'clump' rapidly [4] it was possible to shake and disperse ('wash') and then resuspend the collected material after clumping several times in fresh GVP water. Thus, essentially all unicells and short trichomes of other species could be eliminated. One series of experiments utilized a 'mono-culture' of 0. boryana which contained only chemoheterotrophic bacteria in addition to the cyanobacterium. Inoculum was dispensed into 8-ml or 5-ml capacity glass vials after dispersal by syringe pumping. The subsequent additions of reagents or placebos to some of the vials occurred within 1 h. 3-(4,5-Dichlorophenyl)-l,l dimethylurea (DCMU) was used to inhibit oxygenic photosynthesis; it was a gift from E. I. du Pont de Nemours. The stock solution was lop4 M in water. The specific absorption coefficient of 75 1 g -' cm-' in methanol at 665 nm was used to determine the concentration of chlorophyll a [6] . Total pigment spectra were determined in pH 7.8 'TSM' buffer (NaCI, 80 mM; MgSO,, 5 mM; Tris, 20 mM) after ultrasonic disruption and clarification by centrifugation at approx. 3800 x g.
Incubations were usually either in shallow spring outflows or in outdoor pans at an appropriate temperature (25-35 ' C) using natural radi- 2,5-diphenyloxazole (PPO), and 0.1 g 1 -' 1,4-bis-2-(5-phenyloxazolyl) benzene (POPOP). Counting efficiency was determined by a channels-ratio method of counting a set of quenched standards with automatic conversion of sample counts per minute (CPM) to disintegrations per minute (DPM).
Light
Approximate daylight intensity was attained for use with intact cores with a 150-W halogen lamp with dual fiber-optic light guides and collimating lenses. The irradiance used ranged from 155 W rn-, to about 600 W m-' (at mat surface). For spectroradiometric measurements, monochromatic illumination of the mat surface was provided by a set of apertures with continuous interference filters. The two filter series ranged from 400 to 700 nm and from 400 to 1025 nm with half-band widths of 12-14 nm and 25-32 nm, respectively [71.
Microelectrode measurements
Spectral irradiance was measured with depth in the mat (0.05-0.1 mm intervals) using a fiberoptic microprobe with a sensing tip of 25 p m diameter. This method and its application was described by Jorgensen and Des Marais [7,81. Details of the application of this method to the present material are identical with those described by Castenholz et al. [9] .
Measurements of O,, sulfide, and pH were done almost simultaneously by the insertion of 3 microelectrodes. 0, microelectrodes were of the Clark-type with built-in reference and a sensing tip of about 5 p m diameter [lo] . After an initial exposure to sulfide this type of electrode is sulfide-insensitive. Rates of oxygenic photosynthesis were calculated from rates of 0, depletion immediately following a light to dark shift after 0, steady-state levels had been reached in the light. Specifics of this method are described by Revsbech et al. [ll] and Revsbech and J~rgensen [lo] . Sulfide microelectrodes were made from a silver/ silver sulfide coated platinum electrode with a sensing tip of about 50 p m diameter [12] . pH microelectrodes were glass electrodes with a sensing tip of about 40 p m [12] . Details of electrode manipulation, use, and calibrations are the same as in Castenholz et al. [9] .
Light microscopy and transmission electron microscopy (TEM)
Portions of GVP mat were cut into blocks 8.0 mm in width and 4.0 mm in length and prefixed immediately with 2.5% glutaraldehyde made up in prefiltered GVP water. Several weeks later they were post-fixed in 0.1 M OsO, and dehydrated in a graded-alcohol series. The samples were dissected vertically into 0.5-mm pieces from the top down to 2 mm depth. Single piece samples of the entire depth profile to 2 mm were also cut. Each sample was then carefully oriented to obtain true vertical sections and embedded in Quetol 651.
Serni-thin (0.25-0.5 pm thick) sections, stained with toluidine blue, were used for light microscopy. Ultrathin (60-90 nm thick) sections stained with barium salts [I31 or with uranyl acetate-lead citrate [14] were used for TEM.
DESCRIPTION OF 'GOVERNMENT VENT POOL' (GVP)
The pool or pond investigated is in the Government Gardens, Rotorua, near the eastern end of Hinemoa Street and approximately 100 m to the northwest of the Polynesian Pools [12] . It is about 80 m in length and 30-40 m wide with a center depth of about 1 m with a gradual slope to the shoreline where depth was only a few cm. It was fed mainly by a high pressure, horizontal (above water) discharge pipe located on the southwestern shore originating from a geothermal well to the southwest. The inflow water was 95 'C with a pH of approx. 5.5, carrying about 3 mM sulfide.
The pool waters were continually turbid with a suspension of elemental sulfur resulting from the oxidation of the source sulfide, perhaps aided by a suspended population of non-photosynthetic sulfide-oxidizing bacteria. Within a distance of about 10 m from the source pipe, where most material was collected, the water temperature in March 1986 was 27-30 O C, with a pH of 6.8-6.9. The sulfide concentration in both surface water and from just above the mat at about 0.2 m depth ranged from 0.2 to 0.3 mM in morning hours to 0.02 mM in afternoons on clear days. There was little or no O2 except during midday or early afternoon, when benthic oxygenic photosynthesis occurred.
With the cooler weather of early April, pool temperatures dropped to 19-21' C except near the discharge pipe, rising again to 23-25 " C by mid-month, a temperature that remained until June. The next and last observations were in September 1986 when pool temperatures ranged from 18 to 22°C. The pH during the cooler months rose sometimes to 7.2 but usually remained at 6.7-6.9. Sulfide fluctuations were similar to those in March.
The chemical composition of the GVP water or source water was not analyzed but was assumed to be typical of some of the other waters of similar pH and sulfide content rising from nearby geothermal wells. The major constituents in those, in mg I-', were: Na+, 270-345; K+, 
RESULTS
The microbial mat of 'Government Vent Pool'
Below the coherent portions of the microbial mat covering the bottom of GVP is a soft black sediment (1-10 cm thick) with a high content of metal sulfides (mainly ferrous). The surface 1-5 mm was largely microbial and consisted of a layer or film of 0. boryana (surface to approx. 1.0 mm) on, within, or below a whitish pellicle composed largely of a microbially-bound sediment of elemental sulfur. The consistency of the microbial mat was that of a soft gel, sometimes laminated, and coherent enough to excise large intact sections by hand. The 0. boryana layer was generally composed of a mass of parallel trichomes arranged horizontally (Fig. 1A) . It was apparent with several microscopic examinations that 0. boryana usually comprised at least 95% of the biovolume of the topmost film (0.0-0.4 mm depth) when the trichomes had migrated to that position (e.g. Fig. 1A ).
Below this, a variety of different microorganisms comprised the mat matrix, depending in part on the specific location of the mat and the season. Regularly observed components of the phototrophic mat, particularly during the cooler months, included the cyanobacteria Pseudunabaena sp. and Synechocystis sp. Anoxygenic phototrophs of the undermat included organisms that resembled Chloroflexus sp., Chlorobium sp., Chromatium sp., and others.
A more detailed analysis of vertical sequences of a single core was made by light microscopy and transmission electron microscopy. This core was similar to the cores used on 7-8 September for micro-profiles of light transmission, 0,, sulfide and pH. Light microscopy was used to determine the general pattern of vertical distribution, but many of the secondary phototrophs could be tentatively identified only by TEM.
A finely laminated microbial community made up the top 1.5 mm which also contained a fairly large amount of clastic material, mostly of a grainy texture. Polyphosphate granules were commonly present in cells at depths below 0.4 mm but undetectable in the upper 0.4 mm of toluidineblue stained semi-thin sections.
In a mat core collected under low light 0. boryana was the predominant organism with unsheathed straight trichomes oriented parallel to the flat surface of the mat (Fig. 1) . 0. boryana was very abundant throughout the top 0.5 mm, decreasing from 0.5 to 0.9 mm and was less common below 1.0 mm (Fig. 2a,b) . The 0. boryana population was arranged in several 0.10-0.15-mm thick sublayers in this sampling.
The second filamentous cyanobacterium in this mat profile, Pseudunabaena sp., occurred in small numbers interspersed among the 0. boryana ( hotyariu from GVP allowed to move out on 1.5% agar plate for 1-3 h. For reference, the width of living trichomes is 6 ym. bacteria and filamentous Chforoflexus or Chforonema-like types were common (Fig. 2d, e) . Scattered Beggiatoa-like filaments also occurred. Below 0.5 mm a purple bacterium with vesicular thylakoids was abundant (Fig. 2g) as well as small, thylakoid-bearing budding cells which bear a re- (Fig.  2f) . The Chloronema-like filaments with peripheral chlorosomes, gas vesicles and sheath occurred commonly from 0.6 to 1.0 mm depth (Fig.  2d, e) . Unlike Chloroflexus aurantiacus of undermats in typical hot springs, Chloronema, by definition, contains gas vesicles. However, known species of Chloronema are at least twice the cell -diameter of this GVP organism.
Die1 motility responses of 0. boryana
Although the motile responses of 0. boryana have not been quantified, we made a sufficient number of observations to describe the general behavioral responses in intact mats.
In March, the 0. boryana population was spread out as a more or less complete benthic blanket during the night and during early morning. With an irradiance of approx. 50 W mP2 and above at the mat surface, the trichomes began to clump and form sharp streaks or bands (Fig.  3a,c) . With increasing intensity the bands became sharper and narrower with most of the population descending (migrating) below the whitish pellicle of sulfur (Fig. 3b) . By midday on clear days with subsurface irradiance in the 600-700 W m-' range, there was little sign of 0. boryana on the mat surface at least around the shallow edge of GVP (Fig. 3b) . Clumps persisted, however, in the shade of rocks, twigs and other debris. In shallow water near shore, when an opaque disc (15-cm diameter and 1-cm deep rim) was placed in early morning on the dense surface covers of 0. boryana, the population remained at midday as a dense cover under the disc while the remainder of the population had moved below the sulfur pellicle (Fig. 3d) . The depth of the 0. boryana population at midday varied with the site, but in over 10 cores examined it was concentrated at 0.5-1.0 mm depth.
Light penetration in the mat
For downweffing radiance (0 O angle) spanning 400-1000 nm there was a high attenuation rate in the visible range (400-700 nm) so that at 0.8-1.0 mm depth there was about 0.1% of the incident radiation in the regions of 450-500 nm (carotenoid and chlorophyll a (chl a ) absorption) and of 650-680 nm (mainly chl a absorption), while above 700 nm there was considerably less absorption (Fig. 4A) . Starting below a depth of 1.0 mm, a small attenuation maximum appeared at about 860 nm, a result of bacteriochlorophyll a probably associated with purple bacteria (Fig. 4A) . At approx. 750-760 nm (at > 1.0 mm depth) there was also a small dip, probably reflecting bacteriochlorophyll c of unicellular green bacteria or of filamentous Chforonema-like organisms. With a higher spectral resolution in the visible range (400-700 nm), not only the chlorophyll a attenuation maximum at approx. 660-670 nm was seen but also the phycocyanin and phycoerythrin attenuation at 620 and 550-560 nm, respectively (Fig. 4B) . These attenuation maxima were accentuated most below a depth of 0.4 mm and represent the absorption maxima of 0. boryana, which had descended somewhat below the surface of this mat. At 670 nm (chl a maximum) the specific vertical absorption coefficient was slightly more than 6.9 (In, mm-'1, corresponding to a transmittance of 0.1% mm-'. The cause of the shift toward longer wavelengths in the carotenoid/ chlorophyll a attenuation range (in the 420-480 nm range) was unexpected. The depth distribution of spectral light attenuation varied depending on the vertical migrations of 0. boryana.
Metabolism in excised mat
Mat cores were excised from the mat in the field with little disturbance. Measurements of O,, sulfide, and pH were done within a few minutes of each other and no longer than 24-36 h after collection. Mat cores could be kept in the laboratory in bright window light for periods of several days without deterioration and with continued internal sulfide production and with 0. boryana showing a normal pattern of die1 vertical movements.
In the first series of experiments described the core had been collected the evening before and had been in darkness and semi-darkness until the 'morning' time course shown in Fig. 5 . The electrode tips were inserted at 0.1 rnm depth within the dense 0. boryana population which was concentrated at the surface of the mat. Insertion was aided by a binocular stereoscopic microscope on a boom. Thus, surface contact could be seen accurately, and further penetration measured by the micromanipulators on which all the microelectrodes were mounted. The incident light intensity was 155 W m-2. In the time course experiment, sulfide depletion began immediately after the light was turned on (Fig. 5) . A concomitant rise in pH occurred, after a short lag, as C O , was consumed. Accumulation of 0, as a result of oxygenic photosynthesis was apparent when the sulfide level had fallen to below 50 pM. At about 25 min into the experiment (Fig. 5) , a depth profile was completed during a 20 min period (Fig. 6) . 0, had reached supersaturation at 0.2 mm depth in the mat and was detectable to 0.4 mm depth, below which sulfide accumulated. The lack of overlap between 0, and sulfide may indicate that anoxygenic photosynthesis or other sulfide oxidizing processes depleted sulfide to a depth of 0.4 mm and below; the main population of 0. boryana, however, was concentrated in the upper 0.3 mm of mat.
The oxygenic photosynthetic rate with 155 W rn-, was maximal at a mat depth of 0.1 mm (Table 1A) as measured immediately after the profile in Fig. 6 was taken.
Similar measurements in the same mat were made during the remainder of the day. Additional time courses of the transition from apparent anoxygenic to oxygenic photosynthesis were followed with similar resuits, although the sulfide level at which 0, accumulations commenced varied from 100 to 10 p M (data not shown).
In a time course with the same mat sample, following 1 h of darkness, the rapid depletion of sulfide (again at 155 W m-*) in the surface 0.1-0.2 mm of the 0. boryana population contin- ued only to a more or less constant concentration of about 0.2 mM (Fig. 7) . However, the initial level (0.4 mM) was higher than in Fig. 5 , since Na,S had been added to the overlying GVP water (with paraffin oil on the surface) in order to simulate sulfide levels typical of GVP waters directiy above the mat at night. Light-dependent sulfide utilization was apparently able to merely balance the flux of sulfide from below and above (Fig. 7) . No 0, was detectable. However, when the light intensity was increased to 350 W m-' (about 1/3 full solar intensity) at 50 min, sulfide was depleted within 10 min (Fig. 7) . When sulfide had fallen to about 10 pM, 0, accumulation commenced. Sulfide levels did not rise again, indicating continued sulfide utilization and abiotic oxidation. Sulfide accumulation in mats can Table 1 Rates of oxygenic photosynthesis at various depths in GVP mat A depth profile immediately following this time course (Fig. 8) showed that surface 0, levels were maintained at about 0.1 mM (not supersaturation). Although 0, and sulfide showed considerable coexistence in the water above the mat there was essentially no overlap below the surface of the mat (Fig. 8) . These data suggest continued sulfide utilization by cyanobacteria in the 0. boryana zone.
Following the last depth profile, rate measurements of oxygenic photosynthesis in this mat section indicated a maximal rate at 0.3 mm depth with very little in the upper 0.1 mm of the mat and none below 0.4 mm ( Table 1B) was not a result of light inhibition of photosynthesis at the surface but rather of a migration downwards of the 0. boryana population during the 1.5 h of high surface light intensity. It is apparent that light intensity, in itself, did not determine whether 0. boryana performed oxygenic or anoxygenic photosynthesis. It did, however, determine the rate of sulfide depletion ( Fig. 7) and, therefore, whether the sulfide concentration was reduced to a level at which oxygenic photosynthesis could begin. Light intensity also determined the position of the 0. boryana population within the mat. In another mat section exposed to the high intensity of 560-600 W rn-, after an initial dark period, the 0. boryana population descended from the surface to below about 0.2 mm. A few depth profiles of 0, over 25 min of descent were made (data not shown). The high light intensity supported oxygenic photosynthesis. However, the oxygen maximum in the upper 0.1 mm was Soon lost (after a total of 20 min) with the descent of the population to a depth, that probably had a light intensity of about 10-30% of the incident light (see Fig. 4) . After a total of 20 min a profile of the rate of oxygenic photosynthesis was made (data not shown). The maximum rate was no longer at the surface but below the 0.2 m m level. With lower light intensity and greater sulfide at this depth, the 0. boryana population probably shifted gradually from oxygenic to sulfide-dependent anoxygenic photosynthesis and the 0, in the mat began to disappear. Anoxygenic photosyn- thesis would be the expected mode under light intensity too low to consume sulfide at a rate higher than the rate of sulfide production and influx. When the light was turned off at 25 min, the remaining 0, in the upper part of the mat disappeared completely in 1 min. Even 12 min of renewed light was unable to restore 0, (i.e. oxygenic photosynthesis).
Some surface covers of 0. boryana were much thicker (> 1.0 mm), particularly when some clumping had occurred. Oxygenic photosynthesis occurred within the entire thickness of these mats and resulted in supersaturated values throughout (data not shown).
In a different trial, DCMU was added at a final concentration of 5 p M in the GVP water overlying the mat core. The surface was sealed with paraffin oil and Na,S * 9H,O was added to a final concentration of 0.4 mM. Under high light (560-600 W m-,) the sulfide in the surface cover of 0. boryana was depleted to almost zero in about 10 min (data not shown). A profile was taken after a total of 55 min of light (Fig. 9) . No 0, was present, either in the mat or the overlying water, and sulfide was completely depleted in approximately the upper 0.5 mm of mat. Since this depletion was light-dependent, and since oxygenic photosynthesis was completely inhibited by 5 p M DCMU, this experiment verifies the ability of 0. boryana to perform anoxygenic photosynthesis.
Photosynthetic rates measured by [I4Cl-bicarbonate incorporation
Samples of semi-pure 0. boryana from GVP mats were used for experiments at various times over a 6-month period (April-September). A variety of light intensities were used, both natural sun and sky radiation and that from a coolwhite fluorescent lamp. All the experiments were prepared with samples of approximately equal cell density, based on chlorophyll a values. The specific chlorophyll a cell content remained high (10-12 p g chl a mg-I dry weight) with phycoerythrin to chlorophyll a absorbance ratios of approximately 0.8-1.2. In addition, identical specific activities of [ ''C]-NaHC0, were used with freshly collected populations. Thus, the results of these experiments can be justifiably compared (Fig. 10A-El. Light intensity for the different trials differed. The highest (700 W rn-, or about 70% of full solar intensity) had an inhibitory effect on the control rates (i.e. light incorporation of CO, with no additions) (Fig. 10A) . With more moderate light intensities (Fig. 10B, C) , control rates increased, but the greatest rates were under the low-fluorescent lamp intensities of 17-20 W rn-, (Fig. 10D, E) .
The normal criterion for strict anoxygenic photosynthesis is a measurement of the rate with sulfide and sufficient DCMU to completely block photosystem I1 (5-7 pM). Under moderate-tolow-light intensities (Fig. lOB-E) , almost all rates with sulfide and DCMU were low, falling between 2700 and 5600 DPM pg-' chl a h-', which probably represents a maximum rate for anoxygenic photosynthesis with a range of initial sulfide values of 0.3 to 1.4 mM. Rates with sulfide and no DCMU were usually higher, in one case as high as 10500 DPM pg-' chl a h-', suggesting that oxygenic and anoxygenic photosynthesis were operating simultaneously (Fig. 10, 11A) . In one experiment 0.7 mM sulfide allowed CO, photoincorporation rates essentially as high as the control but with anoxygenic (DCMU) rates of only 11.5% of the control (Fig. 11A) .
Assimilation of [14C]-acetate
Two sets of experiments used [I4C,] sodium acetate (Fig. 11B) and [14C2] sodium acetate (Fig.  1 1 0 . The purpose was to determine if there was a light-enhanced incorporation of acetate and whether any of this was due to the decarboxylation of acetate and subsequent use of the [I4C11 as CO,. There was a substantial dark assimilation of acetate. There was a considerable light enhancement of incorporation except when using
[14C1]-acetate and DCMU (Fig. 11B, C) . This simply means that CO, was the specific form of carbon photoincorporated from the labeled carboxyl group of acetate since DCMU inhibits only photoautotrophic incorporation. Thus, decarboxylation of acetate occurs prior to photoincorporation. The results of an additional experiment with a non-axenic culture of 0. boryana were similar (data not shown).
DISCUSSION
The photosynthetic and migratory capabilities of 0. boryana appear to represent rapid acclimations to fluctuating mat conditions. Light intensity and sulfide concentration appear to be the two prime environmental factors that control the physiology and behavior of Osciffaron'a, and these factors may fluctuate somewhat irregularly from day to day.
Vertical migrations
There is little quantitative information on the extent of the downward migration in the mats or on the clumping behavior that occurs with increasing light intensity. However, photographic and indirect documentation has been presented (Fig. 3, 6, 8, 9 , Table 1 ).
In cultures of 0. boryana a variety of photomovement responses have been demonstrated. These include positive and negative phototaxis, step-down and step-up photophobic reactions, and positive photokinesis (Mechling and Castenholz, unpublished). All of these types of photoresponses have been described previously in other cyanobacteria [17]. However, the critical intensities and transitions required for reversals are not yet known. A combination of negative phototaxis and a step-up photophobic response could be involved in moving and maintaining 0. boryana in its position below the mat surface during bright daylight.
The factors which Iimit the distance of the downward descent of 0. boryana are also uncertain. Increasing sulfide concentration could slow or stop the movement, as may be the case in Oscillutoria terebnformis [51.
The field observations suggest that with a decreasing incident-light intensity on the mat surface, a positive phototaxis occurred, bringing 0. boryana to the surface. Positive phototaxis in some cyanobacteria occurs in response to directional intensities as low as 0.05-5 lx (< 0.05 W m-,) [181. However, with high light, a step-up photophobic reaction near the mat surface would be expected to reverse the direction of movement.
The photosynthetic metabolism of 0. boryana
The results of the triple microelectrode study of intact mat cores indicate that dense, essentially monospecific populations of 0. boryana consume sulfide in the light with or without DCMU. 0. boryana, then, appears most similar to the group 3 type of response to sulfide as exemplified by Microcoleus chthonoplastes [ 191. Anoxygenic photosynthesis appeared to be employed exclusively at sulfide concentrations higher than 0.05-0.1 mM in the absence of DCMU because of the absence of measured 0, (Figs. 5, 7) . However, some oxygenic photosynthesis cannot be excluded, since detectable 0, may not appear if removed immediately by aerobic heterotrophs within the dense 0. boryana mass. In addition, the production of 0, by oxygenic photosynthesis could stimulate chemolithotrophic aerobic sulfide oxidizing bacteria to consume H,S. However, the most likely cause of the rapid H,S depletion in the light (Fig. 5 , 7) was the 0. boryana itself, since it comprised, by far, the greatest biomass (see Figs. lA, 3) . The view in Fig. 1A is typical of all four microscopic examinations of the experimental surface mats of 0. boryana. Essentially no other bacteria were seen when viewed with phase contrast optics. It was shown separately that 0. boryana would deplete sulfide by anoxygenic photosynthesis under anaerobic conditions when DCMU was present to inhibit oxygenic photosynthesis completely (see Fig. 9 ). Under these conditions, aerobic, non-photosynthetic chemolithotrophs would not operate.
Although the microelectrode results do not demonstrate oxygenic photosynthesis above sulfide concentrations of 0.05-0.1 mM, the [l4C1-bicarbonate photoassimilation results suggest that both oxygenic and anoxygenic photosynthesis occur simultaneously at sulfide concentrations up to 0.7 mM and sometimes higher (Fig. 10) . In this range of concentration, photoassimilation rates with sulfide alone were consistently higher than with sulfide plus DCMU (anoxygenic photosynthesis only). Inhibition of oxygenic photosynthesis at high sulfide concentrations and the operation of both oxygenic and anoxygenic modes with lower concentrations (e.g. < 1.0 mM) is known also in a few other cynobacteria [19,201. Explanations may be offered to resolve the apparent differences between the sulfide concentrations that allowed oxygenic photosynthesis when comparing [ I4C] and microelectrode data. The pretreatment of excised, but unaltered, mats for the microelectrode work exposed the 0. boryana population to consistently higher sulfide levels than the dispersed collections used for [14C] experiments. Recovery of photosystem I1 (oxygenic system) activity from high sulfide exposures is slower than recovery from exposures to lower concentrations, at least in 0. amphigranulata (ref.
21;
Garcia-Pichel and Castenholz, unpublished data.)
It is also possible that a relatively high light intensity hastens the recovery of oxygenic photosynthesis after inhibition by sulfide (Fig. 7) . In a stirred monoculture of 0. boryana only high light intensity ( > 200 W m-2) stimulated immediate O2 production by cells previously exposed to 0.8 m M sulfide, whereas lower (50 W m-2) and moderate light (150 W m-2) did not (data not shown).
It appears that exposure to very high light intensity has a negative effect on oxygenic photoSynthesis of 0. boryana (e.g. Fig. 10A ). At about 2/3 of full solar irradiance (525-720 W m-2) the control values were considerably less than those of the controls at all lower intensities. Extensive photo-oxidative damage, if involved, would not be expected in the continued presence of sulfide because of the resultant low 0, tension. This is supported by higher ['4C]-assimilation rates at 525-720 W m-2 with sulfide than those of the control without sulfide (Fig. 10A) .
It is also apparent from the whole and excised mat experiments that 350-600 W m-2 or higher intensities result in a downward migration of the 0. boryana population to the 'safety' of lower light and an anaerobic, sulfide-containing environment. There appears to be a delicate balance between the rate at which sulfide is made available and the light intensity and 0. boryana density which determines the rate of its depletion. In one case 350 W m-* caused the downward migration of 0. boryana to a lower light intensity but oxygenic photosynthesis continued, at least for the short period of the experiments (Table  1B) . Presumably the depletion rate of sulfide at least matched its production and influx rate. In another example, the 0. boryana population migrated downward with 560-600 W m-2 but into a zone in which sulfide was probably made available more rapidly than it could be depleted (data not shown). In that case, oxygenic photosynthesis ceased but was probably replaced by anoxygenic photosynthesis.
The adaptive aspect of the versatility of 0. boryana appears to lie in its ability to move upward or downward towards an optimal light intensity for photosynthesis or, at Ieast, to avoid photoinhibition by downward migrations. In addition, its versatility lies in its ability to shift from oxygenic to anoxygenic photosynthesis or use both systems simultaneously. Through sulfide utilization, dense populations of 0. boryana are also able to 'regulate' their sulfide environment. Laboratory observations, as well as field measurements, indicate that 0. boryana retains a high specific content of major light harvesting pigment over a wide range of light intensities (chl a: > 10 p g mg-' dry weight and with phycoerythrin: chl a absorbance ratios ranging from 0.8 to 1.2). This suggests that the 0. boryana population is adapted to low-or moderate-light intensities and is thus able to take full advantage of the lower light of early and late portions of each day as well as overcast conditions, especially in view of its optimal vertical position.
The ability of 0. boryana to photoassimilate acetate indicates another aspect of versatility (Fig.  11B, C) . Although this ability is not unique to 0. boryana, it may be interpreted as significant in terms of habitat. Acetate and other short-chain fatty acids are important components of diverse microbial mats [22] , and may supplement CO, as a source of carbon as well as supply additional CO, via decarboxylation.
